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1 Abstract 
 
This paper documents the analysis and design of a propulsion sizing tool for the Boeing 376 series 
communications satellite.  The Boeing Company has donated two 376 satellite buses to California Polytechnic State 
University in San Luis Obispo.  CPInterSEP, an interdisciplinary satellite engineering project, is a Cal Poly 
organization whose objective is to design, manufacture, assemble, and integrate flight-ready spacecraft using the 376 
buses.  Currently, mission requirements are broad and subsystem sizing on the 376 buses need to be done through 
the use of interactive tools with variable inputs.  This report serves as the documentation for a propulsion subsystem 
sizing tool that can be used later on in the CPInterSEP program.  The propulsion subsystem requires a reliable, low 
contamination, simple propulsive method that can be designed and built at Cal Poly.  A loose requirement is to use 
cold gas or some form of a low contaminates fuel.  It is shown that propane, butane and carbon dioxide are all likely 
candidates.  It is desired to use four titanium propulsion tanks donated to Cal Poly in conjunction with the 376 buses, 
but is not required.  A push towards using “green” ADN-based propellants is also demonstrated to be feasible in this 
report.  The following detailed report will show how to use the propulsion sizing tool, design challenges, and 
possible propulsion systems for various orbits. 
2 Introduction 
 
The design and analysis of a cold gas propulsion system is well understood.  Some of the earliest satellites 
employed cold gas propulsion systems before such systems as bi-prop and electric propulsion were fully understood 
in space.  Basic thermodynamics and flow equations can be used to design and size a simple cold gas thruster system 
that is reliable, has no combustion, is safe, and does not give off contamination to the satellite’s external surfaces.  
Design considerations to tank pressure, propellant mass, number of thrusters, tank temperature, mass flow rate, and 
performance must all be analyzed to optimize the system. 
3 Requirements Definition 
 
CPInterSEP is currently in the early phases of becoming an end-to-end satellite production team.  The 
organization uses students from many different Cal Poly majors of study to be a well-rounded team, both from a 
business perspective and an engineering perspective.  On the engineering side, work is being done to construct 
proper facilities to build the satellite, ensure that parts and tooling are ordered and documented, and that analysis 
tools are constructed to predict mission selection and implications.  The propulsion subsystem is important in the 
early phases of this process because safe propulsion is required in order to more easily build the satellites on 
campus.  This propulsion sizing tool primarily investigates cold gas and low-contaminate monopropellant fuels.  The 
following loose-requirements were used to begin developing the propulsion sizing tool: 
 A five year mission is desired.  Most 376 satellite buses are used for around 3 years, but generally exceed 
their operational lifetime. 
 Thrusters must be able to provide 15 N of thruster in a vacuum.  The 376 is a large satellite for primary 
cold gas propulsion, and 15 N thrusters allow for relatively quick maneuvers. 
 Intermittent system operation as needed.  The cold gas propulsion system used will not be a one-time event, 
and will be used throughout the mission for spin-up, pointing, and momentum dumping. 
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 Gas storage at 298.15 Kelvin.  This temperature makes analysis easier on the cold gas used.  If the gas 
needs to be held at this temperature, heaters will need to be employed on the propellant tanks. 
CPInterSEP is planning on using one the 376 satellites for a low-earth orbit (LEO) mission, but they desire 
that all tools developed for the analysis of their satellite be broad enough to handle at two different mission 
scenarios.  For the propulsion sizing tool, four mission cases are detailed, with the flexibility of adding more.  From 
this point forward, they will be referred to as Case 1, Case 2, Case 3 and Case 4 and detailed here. 
Case 1: Circular LEO mission, 1000 km altitude, 0 degrees inclination 
A typical low-earth orbit mission is chosen for case one.  In all cases, the specified altitude is variable.  
With a LEO orbit, the satellite will experience cyclic disturbance torques, mostly from the gravity gradient of the 
Earth.  0 degrees inclination is a stable orbit, and fewer momentum dumping maneuvers will be required. 
Case 2: Circular LEO mission, 1000 km altitude, 28-62 degrees inclination 
Even though 0 degrees inclination is stable and theoretically will require a lower delta-V than inclined 
orbits, it is generally a harder orbit to get into, and has higher launch vehicle insertion errors.  A more common orbit 
out of Cape Canaveral, Florida is chosen for case 2. 
Case 3: Geostationary mission, 357836 km altitude, 0 degrees inclination 
Case 3 is the hardest mission type.  A geostationary orbit puts requirements on the cold gas propulsion 
system’s duty cycle, the pointing limitations, and insertion error.  The advantage to case 3 is that reaction wheels can 
compensate the propulsion subsystem, and a NADIR orientation in GEO for a communications satellite is highly 
desired. 
Case 4: Geosynchronous mission, 357836 km altitude, ~28 degrees inclination 
This is a common mission scenario for communications satellites where orbital north-south drift is allowed, 
while still remaining in a NADIR orientation.  A 28 degree inclination is generally used for these types of satellites 
out of Cape Canaveral.   
The goal of the propulsion system sizing tool (PSST) is to allow the user to pick one of the cases mentioned 
above, and then see the advantages and disadvantages of various cold gas or monoprop propulsion strategies.  Four 
cases were chosen because at the start of this project it was thought that orbital insertion error would be a main 
source of propellant usage.  Further research showed that orbital insertion error was small in comparison to the 
mission length, slew maneuvers, and momentum dumping.  Because of this, the grouping of Case 1 and 2 and the 
grouping of Case 3 and 4 are often done for simplicity in propellant mass, tank volumes, and the final trade study. 
4 Analysis Assumptions, Tools, and Equations 
 
4.1 Analysis Assumptions 
 
First iterative analysis on a cold gas propulsion system can use ideal gas laws and obtain very accurate 
results.  Along with the ideal gas laws, the following assumptions are made: 
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 No losses in the feed lines, valves, or regulators 
 No pressure or mass flow lasses in the nozzle 
 Isentropic flow from the regulator to the nozzle exit 
 Intermittent operation allowing the gas in the storage tank and the feed lines to be treated isothermally as a 
temperature of 298.15 K 
The PSST varies mission parameters, such as mission length, orbit type, and spacecraft maneuvers and 
orientation to size thruster count, reaction wheel/CMG control strategies, propellant mass, pressure, and tank 
volume.  Within the PSST, more specific assumptions are documented and were made based on, and detailed in, 
reference 1 and 2. 
 
4.2 Tools Used, a Note on References 
 
The two primary references used for the PSST are Space Propulsion Analysis and Design (SPAD), First 
Edition by Humble, Henry and Larson, and Space Mission Analysis and Design (SMAD), Third Edition by Wertz, 
Larson, et. al.
5,11
  These two sources are good in designing a safe, reliable mission because of their use of worst-case 
scenarios and margins.  For this project, most assumptions used by SPAD and SMAD are replicated, but it is 
important to note that most always worst-case instances were used.  One problem is that the cold gas propulsion 
system operates under very tight tolerances and that accounting for every worst-case extreme throughout the mission 
could likely make the use of cold gas infeasible.  These parameters are noted to the user of the PSST and can be 
varied once more specific mission details are known (orbit type, geometry, configurations, etc.) to avoid all worst-
case scenarios.  The rest of the secondary references are documented in the appendix. 
 
4.3 Equations 
 
Typically, the cold gas for the propulsion system is stored in a high pressure tank.  If this method is used, 
either the gas itself is directly pressurized within the tank (blow down method), or a bladder encompasses the gas, 
and the external bladder is pressurized with a separate gas.  The bladder method is used to expel propellant at a 
constant pressure throughout the mission.  The blow-down method has the advantage of being simpler than the 
bladder method, but cannot maintain the beginning of life (BOL) pressure throughout the mission.  Another method 
to pressurizing the gas is by using another tank as a dedicated pressurant tank.  This tank in turn supplies pressure to 
the fuel tank.  This method is generally used if the mass or space (volume) needs to be conserved.  There are two 
main architecture differences for cold gas system.  One is a regulated system.  This uses a regulator (typically a high 
pressure solenoid) down line from the gas storage tank followed by an On/Off valve.  This effectively drops the 
pressure down to some known regulated pressure before entering the thruster.  The other main system is a blow-
down method.  Here the pressurized tanks are strictly controlled by an On/Off valve.  As gas leaves the tank, the 
pressure drops, but in theory the end of life (EOL) tank pressure never galls below the thruster performance 
requirements.  The PSST allows the user to decide whether they want to do a regulated or blow-down system.  
Discussion on which pressurant method is better for a chosen propulsive method can be found later in the report.   
A user of the PSST can refer to the following list of equations if they have questions.  Gas dynamics are 
used for isentropic flow to determine performance capabilities of various cold gases.  The following equations can 
be found in reference 5.  The sonic velocity in the gases is: 
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 The characteristic velocity is a measure of the combustion performance of a rocket engine, independent of 
nozzle performance. This nominalizes propellants (i.e. cold gases) and is given by: 
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  Since mass flow rate is kilograms per second, multiplying by the time the cold gas system will be operating 
(say Δt = 1000 seconds) will result in the total propellant mass. Current thruster firing time will be defined by the 
duty cycle in a later section. Using incompressible flow: 
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 It is also useful to express ISP in terms of the expansion ratio: 
 
     [(
 
   
) (
 
   
)
   
   
{  (
  
  
)
   
 
}]
   
    (7) 
 
  It is appropriate to vary the expansion ratio, solve for each subsequent Mach number and find the pressure 
ratio to solve (7): 
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  After the specific static pressure past the regulator is established, the parameters of the nozzle can be found 
using: 
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  For more accurate force calculations, the de Laval nozzle efficiency can be incorporated with fewer 
assumptions: 
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  The mass flow rate listed above is usually obtained through test data.  To calculate the mass flow rate 
explicitly use: 
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 An accurate way to calculate tank volume and residual propellant uses the ideal gas law as follows: 
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5 The Propulsion System Sizing Tool (PSST) 
 
  The bulk of this paper will be dedicated to presenting and describing the PSST.  The current PSST will 
serve as version 1.  In other words, it accurately conceptualizes the mission and helps the user define a propulsion 
method, but in no means is complete in end-to-end form.  For this reason, the PSST was created with the idea of 
version updating and user interaction.  
 
 
5.1 Propulsion Subsystem Sizing 
 
The basic layout of the 376 satellite
2
 is shown in Figure 1. 
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Figure 1.  A cut-away view of the Boeing 376 spacecraft configuration.  The spin-stabilized 376 is the world’s most purchased 
commercial satellite model. 
The 376 is a dual-axis spin stabilized satellite.  The de-spun section houses the offset parabolic 
communications dish.  Body mounted solar arrays are primarily located on the spun section.  The 376 is one of the 
most versatile communications satellites, and is able to house a variety of payloads and reflectors.  Figure 2 shows 
the stowed launch vehicle configuration and the deployed orbit configuration
3
. 
 
Figure 2.  Stowed and deployed configurations for the 376 bus. 
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Four thrusters located on the spun section and reaction wheels provide full attitude control and orbital maintenance.  
All 376 satellites use this generic configuration, but will vary in size from customer to customer.  The most common 
376 dimensions are used in the PSST and are shown in Table 1. 
 
 
Bus Dimensions 
  Dia (m) 2.16 
 Height (m) 7.2 
 Mass Wet (kg) 750 
 Mass Dry (kg) 650 
 
  
Margin (15%) 
Ix (kg-m^2) 3458.7 3977.505 
Iy (kg-m^2) 3458.7 3977.505 
Iz (kg-m^2) 437.4 503.01 
 
Table 1.  An approximate 376 Bus is used for analysis purposes.  The margin on the moments of inertia accounts for the dish 
appendage and uncertainties in the satellite geometry. 
 
 
Dry and wet masses are approximated at first and then updated later after the propellant mass is found.  
This is an iterative process and eventually converges on the spacecraft dry and wet mass within some tolerance.  
One of the biggest variable parameters in the PSST is the mission duration.  A screenshot of this is shown in Table 
2. 
 
 
Mission Duration 
 Years 5 
Days 1825 
Hours 43800 
Minutes 2628000 
Seconds 157680000 
 
Table 2.  The user is able to change any of the mission duration parameters, as shown. 
 
 
One requirement is to try and design the cold gas propulsion system to last through a 5 year mission.  The 
mission length is a critical parameter effecting thruster duty cycle and disturbance torques that need to be 
eliminated.  These both create a larger propellant mass and larger tank volume.  One of the physical components 
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donated to CPInterSEP is four titanium tanks.  These tanks are 48 inches in diameters, 0.04 inches thick, and have a 
spherical MEOP burst pressure of 250 psi.  Some or all of these tanks can be used for propellant, pressurant, or some 
combination of the two.  The screenshot of the titanium tank properties table is shown in Table 4.  
 
 
Titanium Tank 
Properties Density (kg/m^3) 4430 
6AL-4V in. m. 
Thickness 0.04 0.001016 
 
ksi MPa 
Modulus of Elasticity (E) 1.52E+04 104800.340 
Diameter 48 1.219 
Tank Volume in.
3 
m
3 
 
57905.836 0.949 
Material Volume In.
3 
m
3 
 
290.012 0.005 
Mechanical Properties ksi (avg.) MPa (avg.) 
Ultimate Bearing Strength 250 1425 
Compressive Yield 
Strength 125 860 
Ultimate Shear Strength 85 585 
Density lb/in
3 
kg/m
3 
 
0.16 4428.78475 
Tank Mass lbs kg 
 
23.143 10.496 
Hoop stress, max pressure psi Mpa 
Sphere 250 1.7237 
 
Table 4.  All values can be changed in the English units column and are automatically updated to metric.  Tank mass is 
calculated from the volume and density of the titanium. 
 
 
 
The volume shown is for one tank.  The workable volume we have for the entire propellant is four times the 
amount shown.  After creating the bus dimensions and titanium tank properties, it was important to identify critical 
mission events, and how these would affect the satellite’s propulsion subsystem.  The two major events in the 
mission for the propulsion system are: 
 Mitigating orbital insertion error: after the launch vehicle fairing is opened, the satellite must deploy, move 
away from the launch vehicle to get into the proper orbit, and then begin the spin-up process. 
 Pointing requirements must be met: the satellite must eliminate disturbance torques, properly point based 
on mission/customer requirements and provide slew maneuvers. 
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5.1.1 Disturbance Torques  
 
Disturbance torques are calculated in the PSST.  Without specific orientations of the satellite being known 
throughout the mission, disturbance torques are calculated in the PSST using worst-case scenarios
6
.  The largest 
disturbance torque in LEO (Case 1 and 2) is the gravity gradient between the satellite and the Earth.   
   
  
   
                    (17) 
Here, θ represents the maximum drift of the Z-axis (generally pointing NADIR) while in orbit, and was chosen to be 
a very conservative 45°.  The solar radiation pressure was founding using 
     (      )       (18) 
Where the force in (18) due to solar radiation is 
   
  
 
                  (19) 
In the PSST, the default values for the csp-cg offset, the incidence angle and the reflectivity are 0.3 m, 25° and 0.6, 
respectively.  These can be changed once mission parameters are more fully understood.  The magnetic field is 
found using 
             (20) 
and the aerodynamic drag can be calculated with 
    (      )       (21) 
 
The force in (21) is the aerodynamic force of drag.  With everything calculated using worst-case orientations, the 
inclination differences between Case1 and Case 2 and between Case 3 and Case 4 are negligible.  Because of this, 
Case 1 and 2 are grouped together, as well as Case 3 and 4, for the disturbance torques.  For Case 3 and 4, the largest 
disturbance torque in GEO is either the solar radiation pressure or the magnetic field, depending on the user inputs 
to the PSST.  A screenshot of the disturbance torques from the PSST is shown in Table 5. 
 
 
Disturbance Torques Summary Nominal   Worst-Case   
  Ideal Margin (25%) Ideal Margin (25%) 
Total Torque, Case 1 (N-m) 4.62E-04 5.77E-04 5.47E-03 6.83E-03 
Total Torque, Case 2 (N-m) 4.62E-04 5.77E-04 5.47E-03 6.83E-03 
Total Torque, Case 3 (N-m) 2.57E-04 3.21E-04 2.95E-04 3.69E-04 
Total Torque, Case 4 (N-m) 2.57E-04 3.21E-04 2.95E-04 3.69E-04 
 
Table 5.  Both nominal and worst-case disturbance torques are calculated with margin.  The margins are editable. 
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5.1.2 Orbit Insertion Error 
 
Launch vehicle insertion accuracies can be found under the “LV Accuracies” tab of the PSST.  Based on 
the orbit selected and the launch vehicle class, there will be inherent orbit insertion error that must be mitigated by 
the propulsion system of the satellite.  For cases 1-4, the worst-case orbital parameter error is calculated for altitude, 
period, inclination and right ascension of the ascending node (RAAN).  The Delta family, DNEPR, Eurockot, 
Pegasus, Minotaur, Taurus II and Start-1insertion errors are all detailed in this section.
13,et. al. 
 From these insertion 
errors, the worst-cases were found and used to calculate added mission delta-V.  The errors set as default are shown 
in Table 6. 
 
 
  Orbital Parameters H = 1000 km, inc = 0 deg. 
Case 1 Altitude, m ± 100000 
 
Period of revolution, sec. ± 7.5 
 
Inclination, deg. ± 0.052 
 
RAAN, deg. ± 0.06 
  
H = 1000 km, inc = 28-62 deg. 
Case 2 Altitude, m ± 80000 
 
Period of revolution, sec. ± 7.5 
 
Inclination, deg. ± 0.052 
 
RAAN, deg. ± 0.074 
  
H = 35786 km, inc = 0 deg. 
Case 3 Altitude, m ± 180000 
 
Period of revolution, sec. ± 7.5 
 
Inclination, deg. ± 0.07 
 
RAAN, deg. ± 0.06 
  
H = 35786 km, inc = 28-62 deg. 
Case 4 Altitude, m ± 200000 
 
Period of revolution, sec. ± 7.5 
 
Inclination, deg. ± 0.075 
 
RAAN, deg. ± 0.074 
 
Table 6.  Orbital insertion errors are dependent on the case and launch vehicle chosen.  As shown, Case 4 has some of the largest 
errors. 
 
From Table 2, the delta-V is chosen for a simple Hohmann transfer followed by a plane change.  Both the Hohmann 
transfer and the plane change were chosen because it is the most energy efficient transfer and minimizes delta-V.  
This delta-V calculated lead s to an added mass on the propellant budget, and can be found at the bottom of the “LV 
Accuracies” tab in the PSST. 
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5.1.3 Reaction Wheel, Momentum Wheels and Magnetorquer Sizing 
 
The design philosophy when approaching the propulsion subsystem sizing was realizing that the use of the 
cold gas propulsion system needed to be reduced.  Using the cold gas only for mission critical events, and sparingly 
otherwise, if possible, was the strategy employed.  Because of this, both reaction wheels, control moment gyros 
(CMGs) and magnetic torquers are investigated in the PSST for attitude control and momentum storage. 
Because the satellite is a dual-axis spinner, momentum storage schemes can be used based on the inherent 
physics of the system.  The momentum storage of the bus is calculated in the “Propulsion Subsystem Sizing” of the 
PSST.  Also, torque from reaction wheels, CMGs and magnetic torquers are calculated based on the disturbance 
torques in Figure 5.  From these values, the user can design the bus spin rate and the size of the magnetorquer.  The 
reaction wheels and CMGs can also be sized similarly and a decision can be made on which momentum device is 
better for the given mission.  In the “Preliminary Thruster Sizing” section the force required for large slew 
maneuvers and momentum dumping is calculated.  For momentum dumping maneuvers, the force required is 
determined based on the burn pulse time of the thrusters and the momentum storage of the CMGs and reaction 
wheels.  The slewing maneuvers are calculated based on a momentum biased vehicle.
11
  The thruster duty cycle, 
worst-case slew angle, angular momentum, and time for slew maneuver are all variable and used to calculate the 
thrust required by the cold gas propulsion system.  It is important to note that the slew maneuver time is an 
important variable in propellant sizing.  Based on mission requirements, a slow slew maneuver reduced propellant 
mass considerably.  Another important aspect of momentum dumping is the duty cycle of the dumping event.  How 
often momentum dumps are done throughout the mission determines the overall propellant mass.  This means that 
momentum dumping and pointing slew maneuvers largely determine the overall propellant mass and required tank 
size.  The launch vehicle insertion error requires far less propellant (<5%) compared to the overall mission’s 
propellant. 
 
5.2 Propellant Candidates and Selection 
 
The goal of the PSST is to determine the feasibility of using cold gas as a primary propellant to meet 
mission attitude determination and control (ADC) requirements.  The 376 generally does not have an on board main 
thruster used throughout the mission, and accomplishes any major translational burns right after launch vehicle 
fairing separation with a disposable main thruster provided by the launch vehicle company.  In the PSST, other 
propellant candidates are traded and compared to the performance of cold gas.  Namely, low power ion propulsion 
and an environmentally friendly monopropellant were looked into.  The properties of cold gas are such that it is a 
very workable fuel and only needs simple propulsion system setup, but lacks in specific impulse (Isp) when 
compared to other fuel.   
 
5.2.1 A Note into “Green” ADN-Based Monopropellants1 
 
Recently, there has been continuing effort to develop a novel storable liquid monopropellant for space 
applications based on Ammoniumdinitramide (ADN) and LMP.  ADN and LMP are unique for its low toxicity, safe 
handling and high performance when compared to hydrazine.  This type of fuel, though still in the research and test 
phase, fits the propulsion requirements and could likely be integrated into the 376 satellite at Cal Poly.  In the PSST, 
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7 environmentally-friendly “green” monopropellants are looked into, with ranging Isp from 204-257 s.  These data 
are shown in Table 7. 
 
ADC Thruster Type Type Isp (s) 
Monoprop GREEN LMP-101X 247 
 
GREEN LMP-102 218 
 
GREEN LMP-103X 257 
 
GREEN ADN/Methanol, 26% water 253 
 
GREEN HAN/Methanol, 26% water 239 
 
GREEN HAN/Glycine, 26% water 204 
 
GREEN Hydrazine, 60% Amm. Diss. 238 
 
Table 7.  Isp data for the “green” propellants in the PSST.  More specific data like density, specific heat, volumetric Isp, etc. can 
be found in the tool as well. 
 
The “green” propellants studied have better performance than monoprops and reduce overall lead time and costs.  
This is because the propellant is safer to handle and has less stringent ramifications on integration to the spacecraft.  
The components of rocket engines operated on ADN-based propellants are similar to hydrazine monopropellant 
thrusters.  The main difference lies in the temperature resistance and material compatibility with the propellants.  To 
achieve high performance with the “green” propellants, the rocket engine has to operate at a significantly higher 
temperature than a hydrazine thruster does.  Because of this, the thruster must be thermally isolated from thruster 
components as well as the spacecraft.  A picture of the thruster during an experiment is shown in Figure 3. 
 
 
Figure 3.  Snapshot showing the glowing nozzle of a 3rd generation experimental thruster during a 30-second test firing. 
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If the thermal issues can be managed, these “green” propellants, specifically ADN/Methanol 26% water, and LMP-
103x, will significantly outperform cold gas.  Another advantage is that they require less tank pressure than cold gas 
to perform.  Though both ADN and LMP are in the experimental stages, their outlooks are promising, and are 
considered in the overall propulsion system trade study. 
 
5.3 Cold Gas Candidates 
 
The primary purpose of the PSST is to select a cold gas propulsion system with the given mission and flight 
hardware that Cal Poly already has.  Since the laboratory on campus already has 4 titanium propellant tanks, it is 
advantageous to use them for cold gas if possible.  There exist many various types of cold gas, of which a handful 
are common in the space industry.  There are 9 different cold gas candidates in the PSST that span a large range of 
Isp, and the user is able to add more if needed.  The cold gases are shown in Table 8. 
 
ADC Thruster Type Type Isp (s) 
Cold Gas Air 78.93 
 
Argon (Ar) 57.03 
 
C02 72.38 
 
He 180.12 
 
H2 297.87 
 
N2 80.26 
 
O2 75.43 
 
Butane 101.50 
 
Propane 104.55 
 
Table 8.  Cold gases considered in the PSST.  Generally those with higher Isp require a higher tank pressure.   
  
Throughout the PSST, not one specific gas is chosen because mission requirements are currently broad, and the gas 
candidates are carried throughout the tool to allow the user flexibility when it comes to choosing a gas. 
 
5.4 Electric Propulsion (EP) Candidates 
 
Recently, a push towards low-power ion engines for attitude control has been used in Earth orbiting 
satellites.  For the 376 satellite mission profiles, EP can be used, but slew maneuver and translation maneuver times 
are all dramatically increased.  Because of this, the design of the propulsion system might use EP for stationkeeping 
and cold gas for large translation burns or slew maneuvers.  Regardless, the candidates for EP are shown in Table 
9
12
. 
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Concept Isp (sec.) Input Power (kW) Thrust/Power (mN/kW) Specific Mass (kg/kW) Propellant 
Resistojet 296 0.5 743 1.6 N2H4 
 
299 0.9 905 1 N2H4 
Arcjet 480 0.85 135 3.5 NH3 
 
502 1.8 138 3.1 N2H4 
 
>580 2.17 113 2.5 N2H4 
 
800 26 - - NH3 
Pulsed Plasma Thruster 847 0.03 20.8 195 Teflon 
 
1200 0.02 16.1 85 Teflon 
 
1200 0.07 - - 
 Hall Effect Thruster 1600 1.5 55 7 Xenon 
 
1638 1.4 - - Xenon 
 
2042 4.5 54.3 6 Xenon 
Ion Thruster 2585 0.5 35.6 23.6 Xenon 
 
2906 0.74 37.3 22 Xenon 
 
3250 0.6 30 25 Xenon 
 
3280 2.5 41 9.1 Xenon 
 
3400 0.6 25.6 23.7 Xenon 
 
Table 9.  Possible EP candidates are shown in green.  Flight heritage shows pulsed plasma thrusters (PPTs) are used over ion 
thrusters. 
 
Possible EP candidates are found by preliminary solar panel sizing.  Body mounted solar arrays are assumed and 
worst-case day and eclipse times are used.  Four EP control thrusters are assumed, a 25% margin, 0.8 efficiency, and 
25% OSR level, all of which can be varied by the PSST user.  For all four cases, the solar panel area is worst-case; 
the largest solar panel area needed being around 28 m
2
 for Case 4.  The user must also keep in mind that an EP 
system will require added hardware mass in a power processing unit and more robust and/or redundant thrusters.  
This will be covered in the components section.   
 
5.5 ADC Propellant Mass 
 
In this section, Cases 1 and 2 and Cases 3 and 4 are respectively grouped together.  As mentioned 
previously, the only difference between Case 1 and 2 and Case 3 and 4 is the orbital inclination and some 
stationkeeping effects.  Because of this, the effect on the ADC propellant mass is negligible.  Both Case 1 and 2 
nominal, Case 1 and 2 Worst-Case, Case 3 and 4 Nominal, and Case 3 and 4 Worst-Case are calculated.  The worst-
case estimates in this section are a very conservative estimate on propellant usage and nominal values are more 
likely to be closer to mission values.  As an example, the major parameters of mission length, time for slew 
maneuvers, and # of mission momentum dumping pulses are set to 5 years, 10 minutes, and 7300, respectively.  
These are realistic values, of which the slew time and momentum dumping cycles were recommended by SMAD.  
The example propellant output is shown in Table 10. 
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ADCS 
Propellant 
Mass (kg) 
Total 
Propellant 
Mass Before 
Margin (kg) Margin 
Total Propellant 
Mass After 
Margin (kg) 
Cases 1 and 2 
Nominal Cold Gas Air 4.607 4.680 0.05 4.914 
  
Argon (Ar) 6.377 6.480 0.05 6.804 
  
C02 5.024 5.104 0.05 5.359 
  
He 2.019 2.050 0.05 2.153 
  
H2 1.221 1.240 0.05 1.302 
  
N2 4.531 4.603 0.05 4.833 
  
O2 4.821 4.898 0.05 5.143 
  
Butane 3.583 3.639 0.05 3.821 
  
Propane 3.479 3.533 0.05 3.710 
 
Low Power Ion 
0.08 - 0.5 kW per thruster 
(low end) 0.429 0.436 0.05 0.458 
  
0.08 - 0.5 kW per thruster 
(high end) 0.141 0.143 0.05 0.150 
 
Monoprop GREEN LMP-101X 1.472 1.495 0.05 1.570 
  
GREEN LMP-102 1.668 1.694 0.05 1.779 
  
GREEN LMP-103X 1.415 1.437 0.05 1.509 
  
GREEN ADN/Methanol, 
26% water 1.437 1.460 0.05 1.533 
  
GREEN HAN/Methanol, 
26% water 1.522 1.545 0.05 1.622 
  
GREEN HAN/Glycine, 26% 
water 1.783 1.810 0.05 1.901 
  
GREEN Hydrazine, 60% 
Amm. Diss. 1.528 1.552 0.05 1.629 
Case 1 and 2 
Worst-Case Cold Gas Air 41.505 41.578 0.05 43.657 
  
Argon (Ar) 57.445 57.547 0.05 60.425 
  
C02 45.260 45.340 0.05 47.607 
  
He 18.188 18.220 0.05 19.131 
  
H2 10.999 11.017 0.05 11.568 
  
N2 40.818 40.890 0.05 42.935 
  
O2 43.430 43.507 0.05 45.682 
  
Butane 32.277 32.333 0.05 33.950 
  
Propane 31.336 31.390 0.05 32.959 
 
Low Power Ion 
0.08 - 0.5 kW per thruster 
(low end) 3.868 3.874 0.05 4.068 
  
0.08 - 0.5 kW per thruster 
(high end) 1.267 1.269 0.05 1.333 
 
Monoprop GREEN LMP-101X 13.264 13.286 0.05 13.951 
  
GREEN LMP-102 15.028 15.054 0.05 15.806 
  
GREEN LMP-103X 12.748 12.769 0.05 13.408 
  
GREEN ADN/Methanol, 
26% water 12.949 12.971 0.05 13.620 
  
GREEN HAN/Methanol, 
26% water 13.708 13.731 0.05 14.418 
  
GREEN HAN/Glycine, 26% 16.059 16.087 0.05 16.891 
18 
 
water 
  
GREEN Hydrazine, 60% 
Amm. Diss. 13.765 13.789 0.05 14.478 
 
Table 10.  Total propellant mass for Case 1 and 2 Nominal and Case 1 and 2 Worst-Case.  Case 3 and 4 follow similarly. 
The propellant calculated from the launch vehicle orbital insertion error delta-V is added to the total propellant mass 
before margin.  A margin of 5% is used as default, but can be changed.  These values give a sense of how each 
propellant will affect the overall mass of the propulsion system.  As shown, EP uses the least fuel, followed by the 
“green” propellants, then the cold gas.  Hydrogen is always the lightest propellant mass cold gas, but usually 
requires unrealistic tank pressurization for a 5 year mission.  This is due to the physical limitations on the expansion 
ratio of the nozzle. 
 With the propellant mass known in the PSST, the next step is to calculate the required tank volume for the 
propellant under a given pressure.  Using the MEOP of the titanium tanks (250 psi.), the tank volume can be 
calculated using (6).  These tank volumes are shown in Table 11 based on the default PSST values. 
 
 
Case 1 and 2 
Nominal 
Case 1 and 2 
Worst-Case 
Case 3 and 4 
Nominal 
Case 3 and 4 
Worst-Case 
 
Calculated Tank 
Volume (m
3
) 
Calculated Tank 
Volume (m
3
) 
Calculated Tank 
Volume (m
3
) 
Calculated Tank 
Volume (m
3
) 
Air 0.244 2.166 2.108 2.519 
Argon (Ar) 0.245 2.174 2.115 2.528 
C02 0.175 1.556 1.514 1.809 
He 0.773 6.873 6.688 7.992 
H2 0.928 8.252 8.031 9.596 
N2 0.248 2.204 2.145 2.563 
O2 0.231 2.053 1.998 2.387 
Butane 0.095 0.840 0.817 0.976 
Propane 0.121 1.077 1.049 1.253 
0.08 - 0.5 kW per 
thruster (low end) 0.0004 0.0037 0.0036 0.0043 
0.08 - 0.5 kW per 
thruster (high end) 0.0001 0.0012 0.0012 0.0014 
GREEN LMP-101X 0.0011 0.0101 0.0098 0.0118 
GREEN LMP-102 0.0013 0.0114 0.0111 0.0132 
GREEN LMP-103X 0.0012 0.0103 0.0100 0.0120 
GREEN ADN/Methanol, 
26% water 0.0012 0.0105 0.0102 0.0122 
GREEN HAN/Methanol, 
26% water 0.0001 0.0011 0.0011 0.0013 
GREEN HAN/Glycine, 
26% water 0.0014 0.0127 0.0124 0.0148 
GREEN Hydrazine, 60% 
Amm. Diss. 0.0016 0.0145 0.0141 0.0168 
 
Table 11.  Tank volumes for all propellants considered based on propellant mass and pressure.  The propellant masses for EP are 
significantly lower than cold gas, but require added hardware and a power processing unit. 
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The tank volumes are shown in Table 12. 
 
Tank 
Volumes   
Physical Tank 
Volume, 1 tank 
(m
3
) 0.949 
2 Tank Volume 
(m
3
) 1.898 
4 Tank Volume 
(m
3
) 3.796 
 
Table 12.  Anywhere from 1 to 4 of the tanks can be used for propellant.  The others can be used for pressurant if needed. 
 
Using the data in Table 8 and comparing to the data in Table 7, the user is able to determine which propellants are 
feasible.  It is most important to determine which cold gas will fit within the given tank volume.  As values within 
the PSST are adjusted, the user must check both Table 7 and Table 8 to see which cold gases will fit within the 
allowed tank volume to meet mission requirements.  Worst-case values are usually used over nominal until 
assumptions are reduced.  Since the burst pressure of the tanks is only 250 psi, and most cold gas propulsion tanks 
run around 2000 psi, the user might want to consider using 1 or 2 tanks instead of 4.  This leaves the remaining two 
tanks to be retrofitted, either through Kevlar overwrapping or some other method, for use as a pressurant tank.  For 
the default values, gases like helium, hydrogen, air, argon, nitrogen and oxygen will not work with the burst pressure 
of our two tank volume.   
 
5.6 Component Selection 
 
The “Component Selection” tab in the PSST provides the user with a brief overview of required 
components and a mass breakdown.  This serves as a way to give the user some possible candidates for hardware 
and to give an approximation of system mass.  A typical blow-down propulsion system is shown in Figure 4.  A 
regulated system is quite common, but the lower tank pressures used in this mission dictate a blow-down system to 
be more optimal. 
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Figure 47.  A basic regulated cold gas system.  In a blow-down system, the regulator is removed and the propellant tank uses a 
pressurized bladder or similar means to maintain constant pressure through the mission. 
As shown, the cold gas system is simple and reliable.  This is very advantageous for the scope of the 376 satellite 
that will be built on Cal Poly’s campus.  The cold gas components needed are shown in Table 13.  
 
Cold Gas Components Mass per (kg) Number Total (kg) Power Required 
(if any), W 
Possible Types 
Propellant / Pressurant Tanks 
(dry) 
10.496 4 41.984 possibly for 
heaters 
6AL-4V Titanium Tank 
High Pressure Fill and Drain 
Valves 
0.113 4 0.452 none VACCO Industries P/N 
V1D10874-01 
     VACCO Industries P/N 
V1E10430-01 
Filters 0.068 4 0.272 none VACCO P/N F1D10744-
01 
     VACCO P/N F1D10675-
01 
Thrusters 0.023 4 0.092 30 Moog 58-118 
 0.43 4 1.720 47 Moog 50-820 
Lines 1 4 4.000 none - 
Totals Before Margin   44.428 47  
Margin 0.15 
    Totals After Margin 
  
51.092 54.05 
  
Table 13.  A summary of the cold gas propulsion system dry mass and power required. 
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Currently, the four titanium tanks have the same mass, but if some of them are used as pressurant tanks, the tank 
masses will likely increase with Kevlar overwrapping, or a complete change in tank.   
A typical monoprop system is shown in Figure 5. 
 
Figure 59.  Usually each propellant tank is pressurized by a pressurant tank.  For the 376 satellite, it is best to use two tanks for 
propellant and two tanks for pressurant. 
The components for the monoprop system are shown in Table 14.  ADN monoprop is shown here as an example. 
 
ADN Monoprop 
Components Mass per (kg) Number Total (kg) 
Power Required 
(if any), W Possible Types 
Pressurant Tanks (dry) 10.496 2.000 20.992 none 6AL-4V Titanium Tank 
Regulators 1.200 2.000 2.400 10.000 
Astrium Helium Pressure 
Regulator 
Propellant Tanks (dry) 10.496 2.000 20.992 none 6AL-4V Titanium Tank 
Flow Control Valves 
 
4.000 
   Thrusters 1.000 4.000 4.000 15.000 Northrop Grumman MRE-1.0 
 
0.500 4.000 2.000 30.000 Northrop Grumman MRE-4.0 
Lines 1.000 4.000 4.000 none 
 Totals Before Margin 
  
52.384 25.000 
 Margin 0.150 
    Totals After Margin 
  
60.242 28.750 
  
Table 14.  The ADN system has regulators and flow control valves that make it more massive than the cold gas propulsion 
system.  Any added thermal components to mitigate the high thruster temperature are also not shown here, but must be 
considered in the design. 
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The added mass of the ADN system is worth the performance compared to the cold gas system.  The cold gas 
system is more or less a stand-alone propulsion system in that it has little effects on other subsystems.  When 
looking at the ADN system, it is important to realize the impact on the thermal subsystem. 
A typical low-power PPT is shown in Figure 6. 
 
Figure 68.  In order for the PPT to be functional, there needs to be a PPU, thermal management system, and advanced flight 
hardware and software. 
The components for the EP system are shown in Table 15.  Both PPT and ion thrusters have about the same system 
mass, the only difference is that PPT uses Teflon for fuel and ion thrusters typically use Xenon fuel.  It is important 
to note that Xenon most likely violates the safety requirement imposed on the system. 
 
PPT/Ion Thrusters 
Components Mass per (kg) Number Total (kg) 
Power Required 
(if any), W Possible Types 
Pressurant Tanks 10.496 3 31.488 none 6AL-4V Titanium Tank 
Propellant Tanks 10.496 1 10.496 none 6AL-4V Titanium Tank 
PPU 17.58 1 17.58 50 
Astrium 
Electromagnetic PPU 
Thrusters 2.58 4 10.32 70 EO-1 PPT 
Lines 2 4 8 none 
 Totals Before Margin 
  
77.884 120 
 Margin 0.2 
    Totals After Margin 
  
93.461 144 
  
Table 15.  PPUs are typically very massive.  EP generally has different pressurant and feed systems than monoprop and cold gas.  
This is beyond the scope of this project, and only approximate masses are shown. 
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EP has the advantage of being able to meet mission requirements with little propellant.  Because of this, it is a very 
plausible option and must be considered in the PSST.  The next section of the PSST is trading each of the above 
propulsion system options as well as all of the various combinations.  The goal here of the PSST is to guide the user 
in selecting the optimal propulsion system at the conceptual level. 
6 Formal Trade Study Within the PSST 
 
The culmination of the PSST analysis is in a trade study.  The trade study is broken down into two parts.  
The first part is a trade study on all possible candidates.  The second part is a trade study on the top candidates from 
the first trade study, with added criteria to the study.  The first trade study considers the following candidates: 
 Cold gas as the primary propulsion system for the entire mission 
 ADN monopropellant as the primary propulsion system for the entire mission 
 PPTs as the primary propulsion system for the entire mission 
 Cold gas as the primary propulsion system and ADN monoprop for slew maneuvers 
 Cold gas as the primary propulsion system and PPTs for slew maneuvers 
 ADN monoprop as the primary propulsion system and cold gas for slew maneuvers 
 ADN monoprop as the primary propulsion system and PPTs for slew maneuvers 
 PPTs as the primary propulsion system and cold gas for slew maneuvers 
 PPTs as the primary propulsion system and ADN monoprop for slew maneuvers 
As noted, this is each propulsion method individually as well as all possible permutations.  These candidates are 
traded independently within Case 1 and 2 as well as Case 3 and 4.  To restate, the grouping of Case 1 and 2 and the 
grouping of Case 3 and 4 is done because they are so similar within their group.  The metrics in the first trade study 
are chosen as follows: 
 Meets General Requirements: The most important general requirements are utilizing the titanium tanks 
provided to Cal Poly, using a safe propellant if possible, and having low exhaust contaminates while in 
orbit. 
 Safety: Though a soft requirement is to have a safe propellant if possible, other propellants may be 
considered if there is a strong increase in performance.  This warrants a safety metric. 
 Complexity: Because this satellite will be constructed on Cal Poly’s campus in the future, it is desired to 
have a simple system that can be constructed by students and faculty with basic tools and easy integration. 
 Mass: With all space subsystem, mass savings is always important.  A lighter system that meets mission 
requirements is always desired. 
When the CPInterSEP program is further along, scoring can easily be on a 10 point or higher scale, but for now, a 3 
point scale is used.  A three point scale eliminates ambiguities between decision-making, but also separates 
candidates.  For the trade study, high points are better and each metric’s score is defined as follows: 
 Meets General Requirements: 1 = Least supportive, 3 = Most supportive 
 Safety: 1 = Least safe, 3 = Most safe 
 Complexity: 1 = Most complex, 3 = Least complex 
 Mass: 1 = Most massive, 3 = Least massive 
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The weighting system is defined as a percentage of which metric is most important, with all metric’s percentages 
adding up to 100%.  These can be changed by the user if they feel other categories are more important.  The 
weighting system is as follows: 
 Safety, 40%: Safety is the most important aspect of the 376 being built on campus and received the highest 
weighting. 
 Meet General Requirements, 30%: Certain requirements, like utilizing the given titanium tanks, is 
important to the PSST. 
 Complexity, 20%: As stated above, CPInterSEP wants to be able to construct the 376 on campus, and need 
to eliminate complexity issues in order for all students to be able to build the satellite. 
 Mass, 10%: It is unclear whether mass is going to be an overall driving factor for the satellite and is 
currently given a lower score. 
The results of the trade study are shown in Table 16 and 17.  The top 4 candidates within each case grouping were 
selected to move on to the second trade study, and are highlighted in green. 
Trade Study On All 
Candidates Criteria 
Meets General 
Requirements 
Safet
y 
Complexit
y 
Mas
s 
Weighted 
Totals in % 
 
Weights 30 40 20 10 100 
 
Scale 
1 = Least 
Supportive 
3 = Most 
Supportive 
1 = 
Least 
Safe 
3 = 
Most 
Safe 
1 = Most 
Complex 
3 = Least 
Complex 
1 = 
Most 
Massi
ve 
3 = 
Least 
Massi
ve 
 Perfect Score Points 
 
3 3 3 3 300 
Mission Architectures 
      Case 1 and 2 Cold Gas 2 3 3 1 0.833 
Circular LEO 1000 km alt., 0 
deg. ADN Monoprop 2 2 2 3 0.700 
Circular LEO 1000 km alt., 28-
62 deg. 
Pulsed Plasma 
Thrusters 1 2 1 2 0.500 
 
Cold Gas Primary / 
ADN Monoprop 
For Slew Maneuvers 1 2 1 2 0.500 
 
Cold Gas Primary / 
Pulsed Plasma 
Thrusters 
For Slew Maneuvers 1 2 1 2 0.500 
 
ADN Monoprop 
Primary / 
Cold Gas 
For Slew Maneuvers 3 2 1 2 0.700 
 
ADN Monoprop 
Primary / 
Pulsed Plasma 
Thrusters 
For Slew Maneuvers 1 1 1 2 0.367 
 
Pulsed Plasma 
Thrusters Primary / 
Cold Gas 
For Slew Maneuvers 3 3 1 2 0.833 
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Table 16.  For Case 1 and 2 (the LEO cases), cold gas, ADN monoprop, ADN monoprop primary with cold gas for slew 
maneuvers, and PPTs primary with cold gas for slew maneuvers are the candidates selected to move on.  This is based on the 
default PSST values. 
Trade Study 
On All 
Candidates Criteria 
Meets 
General 
Requirements Safety Complexity Mass 
Weighted 
Totals in 
% 
 
Weights 30 40 20 10 100 
 
Scale 
1 = Least 
Supportive 3 = 
Most Supportive 
1 = Least 
Safe  
3 = Most 
Safe 
1 = Most 
Complex  
3 = Least 
Complex 
1 = Most 
Massive 
3 = Least 
Massive 
 Perfect Score 
Points 
 
3 3 3 3 300 
Mission 
Architectures 
      Geostationary 
35786 km alt., 0 
deg. ADN Monoprop 1 2 2 3 0.600 
Geosynchronous 
35786 km alt., 
~20 deg. Pulsed Plasma Thrusters 1 2 1 2 0.500 
 
Cold Gas Primary / 
ADN Monoprop 
For Slew Maneuvers 3 2 1 2 0.700 
 
Cold Gas Primary / 
Pulsed Plasma Thrusters 
For Slew Maneuvers 2 2 1 2 0.600 
 
ADN Monoprop Primary 
/ 
Cold Gas 
For Slew Maneuvers 3 2 1 2 0.700 
 
ADN Monoprop Primary 
/ 
Pulsed Plasma Thrusters 
For Slew Maneuvers 2 2 1 2 0.600 
 
Pulsed Plasma 
Thrusters Primary / 
Cold Gas 
For Slew Maneuvers 3 3 1 2 0.833 
 
Pulsed Plasma 
Thrusters Primary / 
ADN Monoprop 
For Slew Maneuvers 3 1 1 2 0.567 
 
Table 17.  For Cases 3 and 4 (the GEO cases), cold gas, cold gas primary with ADN monoprop for slew maneuvers, ADN 
monoprop primary with cold gas for slew maneuvers and PPTs primary with cold gas for slew maneuvers were the candidates 
selected to move on.  This is based on the default PSST values. 
 The second part of the trade study is taking the four candidates from each case grouping and narrowing it 
down to two candidates.  From these two candidates, the user of the PSST is able to do further analysis on fewer 
candidates and then design the propulsion system.  The second trade study considers the following candidates: 
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 Cold gas as the primary propulsion system for the entire mission 
 ADN monopropellant as the primary propulsion system for the entire mission 
 ADN monoprop as the primary propulsion system and cold gas for slew maneuvers 
 PPTs as the primary propulsion system and cold gas for slew maneuvers 
The following metrics considered in the second trade study are: 
 Effects on Other Subsystems: Since the propulsion system is not stand-alone, it is important to note how it 
affects other subsystems. 
 Safety: Same as mentioned in the first trade study. 
 Complexity: Same as mentioned in the first trade study. 
 Mass: Same as mentioned in the first trade study. 
 Mission Risk: Even though some of the candidates outperform others, their incurrent risk to the overall 
mission might be unacceptable. 
 Estimated Propulsion System Cost: Cost analysis is beyond the scope of this project, but estimates are 
made based on complexity, components, and integration time. 
Each metric’s score is defined as follows: 
 Effects on Other Subsystems: 1 = Effects a lot, 3 = Minimal effects 
 Safety: 1 = Least safe, 3 = Most safe 
 Complexity: 1  = Most complex, 3 = Least complex 
 Mass: 1 = Most massive, 3 = Least massive 
 Mission Risk: 1 = Most risky, 3 = Least risky 
 Estimated Propulsion System Cost: 1 = Most expensive, 3 = Least expensive 
The weighting system is defined as a percentage of which metric is most important, with all metric’s percentages 
adding up to 100%.  These can be changed by the user if they feel other categories are more important.  The 
weighting system is as follows: 
 Safety, 25%: Again, safety is the most important issue, as described above. 
 Effects on Other Subsystems, 20%: It is the goal of CPInterSEP to have subsystems stand-alone and not 
effect on another if possible.  It is optimal if mission requirements can be met by building each subsystem 
independently.  
 Complexity, 15%:  Again, complexity needs to be reduced, as described above. 
 Mission Risk, 15%: Some risk can be incurred if mission requirements and performance goals are met. 
 Estimated Propulsion System Cost, 15%: At the moment, it is unclear whether or not cost will be a driving 
factor. 
 Mass, 10%: It is unclear whether mass is going to be an overall driving factor for the satellite and is 
currently given a lower score. 
The results of the trade study are shown in Tables 18 and 19.  The top four candidates within each case grouping are 
narrowed down to two. 
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Trade 
Study On 
Top 
Candidates Criteria 
Effects On 
Other 
Subsystems Safety Complexity Mass 
Mission 
Risk 
Estimated 
Propulsion 
System 
Cost 
Weighted 
Totals in 
% 
 
Weights 20 25 15 10 15 15 100 
 
Scale 
1 = Effects A 
Lot 
3 = Minimal 
Effects 
1 = Least 
Safe 
3 = Most 
Safe 
1 = Most 
Complex 
3 = Least 
Complex 
1 = Most 
Massive 
3 = Least 
Massive 
1 = Most 
Risky 3 = 
Least 
Risky 
1 = Most 
Expensive 3 = 
Least 
Expensive 
 Perfect Score 
Points 
 
3 3 3 3 3 3 300 
Mission 
Architectures 
        Case 1 and 2 Cold Gas 3 3 3 1 1 3 0.833 
Circular LEO 
1000 km alt., 
0 deg. ADN Monoprop 2 2 2 3 1 2 0.650 
Circular LEO 
1000 km alt., 
28-62 deg. 
ADN Monoprop Primary / 
Cold Gas 
For Slew Maneuvers 2 2 1 2 2 1 0.567 
 
Pulsed Plasma 
Thrusters Primary / 
Cold Gas 
For Slew Maneuvers 1 2 1 2 3 2 0.600 
 
Table 18.  For Cases 1 and 2 (the LEO cases), cold gas and ADN monoprop are the top candidates.  This is based on the default 
PSST values. 
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Trade 
Study On 
Top 
Candidates Criteria 
Effects On 
Other 
Subsystems Safety Complexity Mass 
Mission 
Risk 
Estimated 
Propulsion 
System 
Cost 
Weigh
ted 
Totals 
in % 
 
Weights 20 25 15 10 15 15 
 
 
Scale 
1 = Effects A 
Lot  
3 = Minimal 
Effects 
1 = Least 
Safe  
3 = Most 
Safe 
1 = Most 
Complex  
3 = Least 
Complex 
1 = Most 
Massive  
3 = Least 
Massive 
1 = Most 
Risky  
3 = Least 
Risky 
1 = Most 
Expensive  
3 = Least 
Expensive 
 Perfect Score 
Points 
 
3 3 3 3 3 3 
 Mission 
Architectures 
        Case 3 and 4 Cold Gas 3 3 3 1 2 3 0.883 
Geostationar
y 35786 km 
alt., 0 deg. 
Cold Gas Primary / 
ADN Monoprop 
For Slew Maneuvers 2 2 2 3 1 2 0.650 
Geosynchron
ous 35786 
km alt., ~20 
deg. 
ADN Monoprop Primary / 
Cold Gas 
For Slew Maneuvers 2 3 1 2 2 1 0.650 
 
Pulsed Plasma 
Thrusters Primary / 
Cold Gas 
For Slew Maneuvers 3 1 1 2 3 3 0.700 
 
Table 19.  For Cases 3 and 4 (the GEO cases), cold gas and PPTs primary with cold gas for slew maneuvers are the top 
candidates. This is based on the default PSST values. 
7 Results 
 
It is clear that the use of cold gas had been validated through the above trade study.  An all cold gas 
propulsion system is feasible in both a LEO and a GEO mission.  The ramifications for each propulsion system that 
scored the highest in the trade study will be detailed now.  The cold gas system for Case 3 and 4 is slightly 
overdesigned and will meet mission requirements for Case 1 and 2.  Because of this, only the design process for 
Case 3 and 4 will be described, but all data and plots for Case 1 and 2 can be found in the PSST. 
 
7.1 Cold Gas for Case 3 and 4 
 
The biggest design challenge faced was making cold gas work with the given titanium tanks.  As mentioned 
above, a 200 psi burst pressure is a strong propellant tank for most applications, but is usually not strong enough for 
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cold gas in a 5 year mission.  Figure 7 shows the propellant mass for all gases in the PSST for Case 1 and 2 with 
increasing mission length.   
 
Figure 7.  For a given pressure, propellant mass increases linearly with mission time.  Also, certain gases are much heavier, but 
require less pressure. 
 
The cold gas of Case 3 and 4 follow the same trend, with more propellant at any given mission length.  Plots for all 
cases can be found in the PSST.  From these data, it was important to select which cold gases were feasible with the 
given titanium tanks.  Both helium and hydrogen seem advantageous because they are the lightest, but the require 
pressures in excess of 5000 psi.  Butane and propane are the next lightest.  These tank pressures were reasonable, 
and their gas properties allowed them to operate below a 200 psi range.  Air, argon, nitrogen, and oxygen are too 
heavy for their given performance level.  Despite carbon dioxide being a heavier cold gas, it had very good 
performance values and could work with the design pressure of 200 psi.   
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The next important thing to consider was the tank volumes required as mission time changed.  Figure 8 
shows the cold gas and LMP-103X tank volumes required for Case 3 and 4. 
 
Figure 8.  The total 4-tank volume is 3.796 m3.  As shown missions up to 10 years only eliminate carbon dioxide as a candidate, 
but the others meet requirements. 
To increase performance on the cold gas, it would be advantageous to retrofit two of the given titanium tanks to 
increase their burst pressure.  The most common way to do this is using Kevlar or carbon fiber overwrapping.  This 
would make two of the tanks dedicated pressurant tanks and the other two for propellant.  The two tank volume is 
1.898 m
3
.  As shown, a 5 year mission with two tanks propellant and two pressurant will not only increase 
performance, but it feasible with all the cold gases.  It is important to note the efficiency of the “green” LMP-103X 
fuel.  In just looking at the propellant mass, it is by far less propellant and requires significantly less tank volume.  
Even though there will be added hardware and thermal implications, it outperforms cold gas and eliminates having 
to retrofit any of the titanium tanks. 
 
7.2 ADN Monoprop for Case 1 and 2 
 
Using ADN monopropellant throughout the mission is a very feasible option to meet requirements.  In all 
categories of the PSST, the “green” monopropellants required less propellant, less tank volume, and was a higher 
performing fuel when it came to slew maneuvers and momentum dumping.  Another added advantage is that the 
current tank hardware on Cal Poly’s campus could be used to make this fuel work.  The only lighter fuel is EP, 
which is a more dangerous fuel to handle.  The following design considerations need to be weighed against cold gas: 
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 Can the thermal issues of the ADN thruster be mitigated? The combustion temperature for these fuels is 
around 1800° C.  This means that thruster hardware is very expensive due to material cost.  Also, specific 
thermal management systems will need to be designed to keep the thruster operational.  One such way to do 
this is by using the thrusters in short intervals. 
 Is this a reliable enough fuel for our mission?  ADN is currently in the development and test phase.  Stand-
alone thruster tests have been validated, but there is no mission heritage for this type of fuel.  Cold gas has 
extensive flight heritage and its operation is well understood. 
 Is the fuel safe enough?  One of the biggest requirements is how safe the fuel is for student and faculty use 
at Cal Poly.  The bi-products of the fuel (H2O, N2, CO2) in space have been shown to be good for the 
environment and the fuel has been shown to be safer to handle than hydrazine.  Compared to cold gas, 
though, it is probably more toxic and comes with added design implications. 
If these design questions can be answered and the performance benefits outweigh the added cost, an all ADN 
propellant system is better than cold gas.  
 
7.3 PPT Primary and Cold Gas for Slew Maneuvers for Case 3 and 4 
 
Using PPTs for stationkeeping is common in modern Earth orbiting satellites.  Usually communication 
satellites already have large power subsystems to power their transmission.  Because of this, these satellites can use 
any excess power for PPTs and have what is virtually a limitless and close to massless fuel, when compared to other 
propulsive methods.  The 376 mission has other critical propulsion events other than stationkeeping.  PPTs can be 
used for orbit insertion error correction, but it would take a long time because of the millinewtons of force generated 
by these types of thrusters.  Also, large slew maneuvers might need to take place throughout the mission.  There 
could be a significant change in pointing or an orbit raising/lowering scenario.  These slew maneuvers can also be 
done using PPTs, but it would again take a long time.  Using a simple cold gas system for these separate mission 
events might be advantageous.  Then, once in the defined orbit, PPTs can take over.  This significantly cuts down on 
the cost and allows the satellite customer versatility in what they are trying to accomplish throughout the mission.  If 
the customer feels that slew time and orbit insertion error correction time is not important, than an entire PPT system 
can be used.  This is not recommended in case there are unforeseen mission events that require more 
maneuverability.     
 
7.4 A Brief Control Law 
 
As shown in the PSST, momentum storage, momentum dumping, and the momentum duty cycle greatly 
influence propellant mass, tank volumes, and tank pressures.  The effect of propellant mass is shown with varying 
slew maneuver time in Figure 9.   
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Figure 9.  This plot shows the tank size as slew maneuver time is increased.  The worst-case is missions 3 and 4. 
A slew maneuver is defined in the PSST as a 45 degree pointing change by default.  This is very large and can be 
changed by the user.  As shown, there is an exponential decay in the tank volume as the slew maneuver increases.  
With our given two tank volume, slew maneuvers have to take 5 minutes or more. 
A basic control law will be presented for a control moment gyroscope (CMG) system.  The CMGs are in a 
common pyramid configuration.  All four CMGs are used, but only three are needed.  The slew maneuver above can 
be used as a momentum dumping event.  Once the duty cycle on momentum dumping maneuvers is understood, the 
CMGs can be sized (i.e. gimbal rates, flywheel mass, etc.).  This control law, shown in Figure 10, shows how CMGs 
are used to store up the disturbance torques described in the PSST.  
 
Figure 104.  Basic closed-loop CMG system with full state feedback. 
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When the satellite experiences a given disturbance, the CMGs are able to command it back to a specific orientation, 
generally NADIR for the 376 satellite.  The control law is manipulated through sizing gains, determining the 
stiffness of the system and sizing the natural frequency of the system.  The dual-axis spin stabilized system is pretty 
stiff along the principle axis.  The resulting stabilized system is shown in Figure 11. 
 
Figure 11.  Given an initial disturbance, the 376 satellite is able to recover to a defined orientation in about a minute.  Over time, 
the energy stored within the CMG system will need to be dumped through specific slew maneuvers. 
The MatLAB code for the above system can be found in the appendix.  With more specific mission requirements 
and a better knowledge of the actual orbit, the user of the PSST can generalize this code to handle specific mission 
events and then size the control system accordingly. 
 
7.5 Recommendations 
 
With the default values of the PSST, and design considerations of the optimal system, the following 
propulsion systems are recommended for the 376 project.  These are tentative and subject to change as more 
requirements are defined. 
 For Case 1 and 2 (LEO): If the 376 is to be used as a LEO communications satellite, it is recommended to 
utilize the “green” ADN propulsion system.  The LEO mission profile will likely require faster pointing 
with orbits to allow the satellite to get the best coverage during each orbital pass.  This requires slew 
maneuver time to be as short as possible and momentum dumping events to be done quickly.  Because of 
this, a higher performing propulsion system in ADN is better than cold gas.  Though ADN will likely cause 
significant thermal issues, and the research and development that goes in to ADN may be significant, it is 
by far the more optimal system to meet mission requirements. 
 For Case 3 and 4 (GEO): If the 376 is to be used as a GEO communications satellite, it is recommended to 
utilize a full cold gas system.  The number of slew maneuvers in a GEO orbit is far fewer than in LEO.  
Stationkeeping will be of a concern because GEO is a harder orbit to maintain, but, overall, cold gas is the 
simplest, most cost effective propulsion system to meet mission requirements for Case 3 and 4.  It is 
encouraged to design away from using an EP system.  EP is costly and adds mission risk.  Also, the PPT 
system is by far more dangerous than cold gas in a university setting.  To use a full cold gas system on the 
376 in GEO, it is encouraged that the titanium propellant tanks either be switched out for stronger tanks, or 
the tanks themselves are retrofitted.  The current 200 psi MEOP on the tanks is not strong enough for cold 
gas applications, and would require custom thrusters with specific expansion ratios to be manufactured.  If 
the MEOP can be increased to around 2000 psi, off-the-shelf thrusters, valves, and lines can be used. 
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8 Conclusion 
 
The PSST is an excellent tool for preliminary sizing of a propulsion system for the 376 satellite.  With a 
specific emphasis on cold gas, the PSST is able to guide the user for simplified calculations, comparison of systems, 
and analysis.  Future work on the PSST still needs to be done.  Items that still need work and consideration are: 
 Turning the PSST Into a GUI: The current usability of the PSST is poor and formatting / user interface 
issues need to be addressed. 
 Automation of Trade Study Scoring: The current trade study is hard coded into the PSST.  If time could be 
spend to update these numbers based on specific data, the trade study would be easier to use. 
 User Manual: Work needs to be done creating a user manual that is clear and concise. 
Overall, this project serves as a guide to sizing the 376 propulsion system.  It is clear, accurate, and provides the user 
with a quick analysis tool.  Once the 376 satellite begins production on Cal Poly’s campus, the PSST will be a 
valuable resource. 
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9 Appendix 
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9.1 Relevant Files and Locations 
 
  File Name Description Location 
Propulsion System Sizing Tool 
(PSST) 
Propulsion Trade 
Study.xlsx 
File contains 
all the 
worksheets 
pertaining 
the PSST, as 
described in 
this report 
N:/kdunk/Senior 
Project/Propulsion 
Trade Study.xlsx 
CMG Control Scheme 
CMG.m 
Matlab 
script 
running the 
system 
dynamics 
from the 
ODE 45 file 
N:/kdunk/Senior 
Project/CMG.m 
CMG ODE45 Solver 
CMG_dynamics.m 
ODE45 
solver based 
on the 
kinematics 
and 
dynamics of 
the 376 
satellite 
N:/kdunk/Senior 
Project/CMG_dynamic
s.m 
 
 
9.2 ABET Criteria Preface 
 
ABET, Inc., is the primary organization responsible for monitoring, evaluating, and certifying the quality of 
education in applied science, computing, engineering, and technology.  ABET organizes and carries out a 
comprehensive process of accreditation of pertinent programs leading to degrees in these areas and assists 
institutions in promoting quality and innovation in their educational programs.  ABET requires a student initiated 
capstone engineering project which incorporates collaborative work between all engineering disciplines.  This 
project must meet a number of criteria in order to ensure graduates have had experience and a minimal skill set for 
entry into the workforce or future education.  During the completion of this project, a number of the criteria have 
been completed and demonstrate the ability to apply engineering in the form of an individual Senior Project. 
 
 
9.3 ABET Criteria Compliance 
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✓ Apply knowledge of mathematics, science, and engineering 
The entire PSST presented displays the understanding of math, science, and engineering and how they relate.  The 
use of mathematical integration, derivatives, and differential equations are all used in this project.  Science 
principles, including, but not limited to, ideal gas laws, heat transfer, gas chemistry, and propulsion demonstrate a 
strong scientific background.  Engineering principles such as fluid flow, dynamics, orbits, and systems engineering 
were all used to perform analysis within the PSST. 
✓ Design and conduct experiments, as well as analyze and interpret data 
A specific experiment was not performed in this project.  The PSST itself is a large collection of data and 
correlations.  The ability to analyze and interpret this data allowed for conclusions to be made as to which 
propulsion systems were more optimal than others within the PSST. 
✓ Design a system, components, or process to meet desired needs 
The PSST is a large system that functions as a tool to do analysis on a cold gas propulsion system.  The process of 
creating the PSST with end goals in mind, such as usability, functionality, and applicable design in mind displays 
knowledge of systems engineering, planning/scheduling, and top-down engineering. 
✓ Show ability to function on a multi-disciplinary team  
The PSST design and completion was done individually.  One aspect of the project that did involve working with 
others and collaboration was working with an advisor to define requirements and set milestones throughout the 
project.  The advisor’s input served as guidance throughout the project and collaboration with the advisor gave the 
project direction and functionality. 
✓ Identify, formulate and solve engineering problems 
The entire PSST was created with the idea in mind to solve a complex propulsions problem that the 376 satellites 
and CPInterSEP were faced with.  Because of this, defining what the problem was and a way of solving this was 
critical in developing the PSST.  A tool such as the PSST was determined to be the simplest and most optimal way 
of solving such a problem. 
✓ Understand your professional and ethical responsibilities  
The proprietary blueprints available for reference on the 376 bus were used in this project.  These drawings are 
subject to the controls of the International Traffic in Arms Regulation (ITAR).  These drawings must be handled in a 
professional manner so as to control the release of these documents only to authorized individuals and organizations.  
It was a responsibility to keep this information proprietary throughout the project. 
✓ Show effective communications  
Interaction between an advisor, CPInterSEP and other Cal Poly faculty was critical in the completion of this project.  
This ensured that the scope of this project would not only solve the problem, but be useful for the 376 project and 
future students who want to work on the propulsion system for the satellite. 
✓ Show impact of engineering solution in a global and societal context 
The push for “green,” sustainable energy has been important in the last decade.  Typically, space propellants have 
not been subject to this environmental restriction once in space until the last year or two.  Byproducts from satellite 
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propulsions have been found to harm the ozone layer and making fuels less toxic for use on the ground has been 
important.  Because of this, it was the focus of this project utilize a monopropellant that is safe to handle and not 
harmful to the environment. 
✓ Demonstrate life-long learning process 
The work done on this project will have an impact on future propulsive methods in space.  The creation of the PSST 
will allow students and faculty the ability to design and analyze a cold gas propulsion system on the 376 satellite in 
the future. 
✓ Use modern engineering tools, skills and techniques 
This project primarily uses modern engineering tools.  The bulk of this project was done in Microsoft Excel with 
data being generated in conjunction with MatLAB.  
 
9.4 Matlab code 
 
Script to run CMGs 
%%  
% Kevin Dunk 
  
% HW 2: 4 CMG's 
  
clc 
clear all 
close all 
  
global As0 At0 Ag0 Ics Ict Icg omega I Iws C K q_control w_control 
  
%% Initial Coniditions: For the problem statement, a q vector is given, with 
0 initial body rates.  Change as needed. 
  
w_i = [0;0;0]; % Intial angular velocity 
q_i = [0.1;0;0.1;0.999]; % Initial quaternion vector 
  
%% Defining Inertia Geometries 
  
Iws0 = 50; % kg*m^2 
Iwt0 = 25; % kg*m^2 
Iwg0 = 25; % kg*m^2 
Ig = 0; % kg*m^2 
omega = [500 500 500 500]; % rad/s 
theta_pyramid = 57; % Optimal control authority angle in each direction 
  
% Defining the inertia tensor 
  
I = [3458.7 0 0 ; 0 3458.7 0 ; 0 0 437.4]; 
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zet=1.8; % Damping for the system 
wn=.5; % Natural Frequency for the system 
C = 2*zet*wn*I; % Pole 
K = 2*wn^2*I; % Pole 
%% 
  
% Control to these states 
w_control = [0 0 0]'; 
q_control = [0 0 0 1]'; 
  
s = sind(theta_pyramid); 
c = cosd(theta_pyramid); 
theta=theta_pyramid; 
As0=[0,-1,0,1;1,0,-1,0;0,0,0,0]; % From spin to body axis 
At0 = [-c 0 c 0;0 -c 0 c;s s s s]; % From transverse to body axis 
Ag0=[cosd(90-theta),0,-cosd(90-theta),0;0,cosd(90-theta),0,-cosd(90-
theta);... 
    sind(90-theta),sind(90-theta),sind(90-theta),sind(90-theta)]; % From 
gimbal to body axis 
  
Ics = [Iws0 0 0 0; 0 Iws0 0 0 ; 0 0 Iws0 0; 0 0 0 Iws0]; % Inertia of spin 
axis transformed 
Iws = Ics; 
Ict = [Iwt0 0 0 0; 0 Iwt0 0 0; 0 0 Iwt0 0; 0 0 0 Iwt0]; % Inertia of 
transverse axis transformed 
Icg = [Iwg0 0 0 0; 0 Iwg0 0 0; 0 0 Iwg0 0; 0 0 0 Iwg0]; % Inertia of gimbal 
axis transformed 
  
gamma0=[0 0 0 0]'; % Initial gimbal rotation rates 
  
p_initial = [w_i;q_i;gamma0]; 
  
options = odeset('RelTol',1e-5); 
  
[time, p] = ode45(@CMG_dynamics,[0 100],p_initial,options); 
  
%% 
figure(1) 
subplot(2,2,1:2) 
title('Body Rates WRT Time') 
xlabel('Time (s)') 
ylabel('Body Rates (rad/sec') 
hold on 
plot(time,p(:,1)) 
plot(time,p(:,2),'r') 
plot(time,p(:,3),'g') 
legend('w1','w2','w3') 
  
  
subplot(2,2,3) 
title('Quaternions WRT Time') 
xlabel('Time (s)') 
ylabel('Quaternion Values') 
hold on 
plot(time,p(:,4)) 
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plot(time,p(:,5),'r') 
plot(time,p(:,6),'g') 
plot(time,p(:,7),'c') 
legend('q1','q2','q3','q4') 
  
subplot(2,2,4) 
title('Gimbal Angles WRT Time') 
xlabel('Time (s)') 
ylabel('Gimbal Angle (rads)') 
hold on 
plot(time,p(:,8)) 
plot(time,p(:,9),'r') 
plot(time,p(:,10),'g') 
plot(time,p(:,11),'c') 
legend('g1','g2','g3','g4') 
  
%% Gimbal Lock Cases: Only run if you want matlab to crash :) 
  
% w_i_lock = [0;0;0]; % Intial angular velocity 
% q_i_lock = [5;-5;4;2.5]; % Initial quaternion vector 
% gamm0 = [-pi/2,0,pi/2,0]; % gamma0 = [pi/2,pi,-pi/2,0] is another case 
%  
% p_initial = [w_i_lock;q_i_lock;gamma0]; 
%  
% options = odeset('RelTol',1e-5); 
%  
% [time, p] = ode45(@CMG_dynamics,[0 100],p_initial,options); 
 
ODE 45 Script 
 
% Kevin Dunk 
  
% ODE45 function simulating the dynamics of 4 CMG's in a pyramid 
  
function pdot = CMG_dynamics(t,p) 
  
global As0 At0 Ag0 Ics Ict Icg omega I Iws C K q_control w_control 
  
w = p(1:3); 
qv = p(4:6); 
qs = p(7); 
gamma = p(8:length(p)); 
  
w_cross = [0 -w(3) w(2); w(3) 0 -w(1); -w(2) w(1) 0]; 
  
q = [-qv;qs]; 
  
q_multiplied=[(q(4)*q_control(1)+q(1)*q_control(4)+q(2)*q_control(3)-
q(3)*q_control(2));... 
    (q(4)*q_control(2)-
q(1)*q_control(3)+q(2)*q_control(4)+q(3)*q_control(1));... 
    (q(4)*q_control(3)+q(1)*q_control(2)-
q(2)*q_control(1)+q(3)*q_control(4))]; 
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Tc = -C*(w_control-p(1:3))-K*q_multiplied; 
  
As = As0*cos(diag(gamma))+At0*sin(diag(gamma)); 
At = At0*cos(diag(gamma))-As0*sin(diag(gamma)); 
Ag = Ag0; 
  
J = I+As*Ics*As'+At*Ict*At'+Ag*Icg*Ag'; 
  
Astdw=zeros(length(As(1,:)),length(As(1,:))); 
Attdw=zeros(length(At(1,:)),length(At(1,:))); 
for i=1:length(As(1,:)) 
    Astdw(i,i)=dot(As(:,i),w); 
    Attdw(i,i)=dot(At(:,i),w); 
end 
  
Q=At*Iws*diag(omega)+w_cross*Ag*(Icg); 
  
gamma_dot = pinv(Q)*Tc; % This only works when the number of gyros is 4 
  
disp(t) 
pdot(1:3) = -J\(((At*Astdw+As*Attdw)*(Ics-Ict)+At*Iws*diag(omega)+... 
    (w_cross*Ag*(Icg)))*gamma_dot-w_cross*(J*w+As*Iws*omega')); 
pdot(4:6) = 0.5*(qs*w-cross(w,qv)); 
pdot(7) = -0.5*w'*qv; 
pdot(8:length(p))=gamma_dot; 
pdot=pdot'; 
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